Most models of battery charging assume a shrinking core model with a Lithium-rich shell and Li-poor core. In this study, we provide direct experimental evidence from in situ optical measurements and that suggests that the lithiation of (spherical) MCMB (meso carbon micro beads) particles do not follow the shriking-core model, even for particles which eventually become uniformly lithiated. We observe "hot spots" which expand until the particles are fully charged. The observations are explained using a microstructural model of MCMB particles that 1) accounts for their polycrystalline nature, 2) anisotropy in diffusion and 3) dependence of the intercalation rate at the surface on the orientation of the graphene planes. We show that our model reproduces the key features of the charging process observed in experiments. Implications of these results to Li-plating are discussed. Almost all models of Li-ion battery cell performance assume a shrinking core model for Li transport within the active particles. This model posits that particles are spherical, pore-and crack-free, isotropic, and homogeneous; in addition, the chemical and electrical environment around each particle is homogeneous and isotropic; and, that transport within the particles is by bulk diffusion alone. In this model, as Li diffuses radially into the particle, local variations in Li concentration may cause local phase transitions, with phase boundaries separating a shrinking inner core from outer shells.
Almost all models of Li-ion battery cell performance assume a shrinking core model for Li transport within the active particles. This model posits that particles are spherical, pore-and crack-free, isotropic, and homogeneous; in addition, the chemical and electrical environment around each particle is homogeneous and isotropic; and, that transport within the particles is by bulk diffusion alone. In this model, as Li diffuses radially into the particle, local variations in Li concentration may cause local phase transitions, with phase boundaries separating a shrinking inner core from outer shells. [1] [2] [3] Such a model is certainly a reasonable one to make, given the paucity of data on the internal microstructures of electrode particles. However, to our knowledge, there is no direct experimental evidence that supports the shrinking core model for Li battery electrode particles. Indeed, experiment has shown that at least with certain highly anisotropic materials, such as LiFePO4, the shrinking core model is not valid. [4] [5] [6] On the other hand, the model is widely assumed to be correct for larger spherically-shaped agglomerated secondary particles, 5 that is, agglomerated particles can be assumed to be approximately isotropic and homogeneous on the size scale of the particle. Recently, however, some data have been presented that contradicts this approximation. Migge et al. 7 used micro-Raman spectroscopy to show that there could be different states of charge (SOC) on a single graphite particle. It is not clear whether variability in local capacity or in local charging rate was responsible for the SOC variability. Harris et al. 8, 9 questioned the validity of this assumption for polycrystalline graphite based on the presence of a complex and anisotropic interior microstructure that includes internal cracks and pores that percolate to the surface. Joho et al. 10 showed that the BET surface area of several types of graphite composite electrodes correlated with first cycle irreversible capacity (SEI formation). Since most of the active surface area for particles with diameters up to tens of microns is found in pores with diameters less than 100 nm, electrolyte solvent molecules must penetrate well within the particles. In turn, this implies that bulk diffusion is not the sole mechanism for Li + penetration into the interior of graphite particles.
If indeed the shrinking core model is incorrect for graphite particles, then it would be expected that efforts to model experimental data solely with bulk diffusion would result in widely varying fitted values for the diffusion coefficient; variations of up to 6 orders of magnitude have indeed been observed. 11 While some part of this discrepancy may be due to variations of the graphite type or to variations of the Li diffusion coefficient with SOC, Persson et al. 11 found that the diffusion rate in graphite also varied by as much as 4-5 orders of magnitude depending on the transport direction with respect to the graphite lattice planes. In this study, we provide direct experimental z E-mail: vivek_shenoy@brown.edu evidence from in situ optical measurements and we suggest that the lithiation of (spherical) MCMB particles is not a radially symmetric process, even for particles which eventually become uniformly lithiated. We propose a microstructural model that 1) accounts for the polycrystalline nature of the graphitic particles, 2) anisotropy in diffusion based on Persson's 11 results and 3) dependence of the intercalation rate at the surface on the orientation of the graphene planes to explain our in situ observations.
Experimental Design
Charging and discharging experiments were carried out in an optical half-cell, 12 as shown in Fig. 1 . Conventionally, electrodes face each other through a separator, a geometry that minimizes Li + transport barriers and gradients but makes it difficult to observe the electrodes. In our experiments, the ∼1 cm 2 electrodes-lithium metal vs a commercial MCMB with a capacity of about 320 mAh/g-were placed face-up and side-by-side on separate spring-loaded stainless steel supports that were separated by a Teflon spacer. The electrodes and supports were electrically isolated from each other, but they could be connected through an external circuit. The electrodes were soaked with electrolyte (1 M LiPF 6 salt in 1:2 volumetric ratio EC:DEC), which also filled the gap above the Teflon spacer and between the electrodes. The cell was covered with a sapphire window (chemically inert), sealing the cell. The pressure of the window on the electrodes was approximately 1 bar, which reduces transport over the top of the MCMB electrode surface and induces transport through the pores of the electrode. 12 This arrangement limits the transport of Li + ions to the plane of Fig. 1b , parallel to the copper current collector from the "northern" edge of the lithium electrode into the "southern" edge of the porous MCMB electrode. Within the MCMB electrode, Li + ions diffuse through the electrolyte until they insert into the particles, which are spheres with diameters in the range 10 to 15 μm. This shape is the most appropriate for testing the shrinking core model, since that shape best satisfies the assumptions of the model. After assembly in a glove box, the cell was put under an Olympus SZX12 optical microscope and operated under either current or voltage control using a high precision source/measure unit (Keithley 237) in an external circuit. Current densities, defined with respect to the nominal geometric surface area of the "southern" graphite electrode edge, were in the range 1-10 mA/cm 2 , and the charging experiments lasted for typically 1-2 days. (It was observed that the brushed lithium metal electrode showed no obvious oxidation or nitride formation over a time scale of up to a week.)
Optical micrographs of the "southern" edge of the MCMB electrode were taken every 15 minutes with a Spot model 152 camera, which has a shifting pixel arrangement to maximize the resolution of color images. There are 5,000 to 10,000 pixels on each MCMB particle, giving a pixel size that is smaller than the diffraction limit. Graphite changes color with state of charge:
13 from black to dark blue by 50% SOC, red for 60% to 80% SOC, and gold for > 80% SOC. As a result, our images provide approximate time-dependent Li concentration maps or spatial SOC profiles of the surfaces of the MCMB particles. (We enhanced the colors of the images shown in this paper by using Photoshop.)
Finite Element Model
For simplicity, to model the charging of the graphite anode, we considered a 2D geometry, where the circular MCMB graphite particles are distributed randomly in a 90 micron x 90 micron square simulation cell. The diameters of these particles are sampled from a normal distribution with a mean of 12 micron and a standard deviation of 2 microns. The particles are randomly partitioned into five segments, each rep- resenting a pristine graphite "grain" with well-defined orientation of graphene planes (Fig. 2a) ; the lines representing the boundaries of the segments correspond with the grain boundaries. Such discrete grains have been observed in particle interiors. 8, 14 In our simulations, each grain is assigned a random orientation of graphene planes. Fig. 2b shows orientation of graphene planes for all particles. To understand the role of anisotropic diffusion in graphite particles, we assume that the diffusion constant along the graphene planes is much higher than the diffusion constant perpendicular to the planes, in agreement with experiment. 11 For orthotropic diffusivity, the diffusion tensor in the lab coordinates X − Y are specified using tensor coordinate transformation from the local coordinates X − Y (refer to Fig. 2a ) to yield: Charging simulations are carried out by using a non-homogenous model 16, 17 in which electrode and electrolyte phases are spatially resolved. In conventional porous-electrode theory the homogenized governing equations are used, and since the active particles are represented within the subgrid of the electrolyte domain, the faradaic current at the electrode-electrolyte interfaces appear as source terms in the conservation equations, while in the non-homogenous model charge transfer is modeled as an interface condition, not as a source term. 17 From concentrated solution theory, conservation of electric current and Li + flux is given by the following equations [17] [18] [19] :
in which i el is the solution (electrolyte) phase current density, N el is the molar flux of Lithium ion (Li+),c Li+ denotes Li+ concentration in the electrolyte, φ el is the electric potential of the electrolyte phase, σ el the electrolyte conductivity, D el is the electrolyte salt diffusivity, f A the mean molar activity coefficient for the salt, t+ is the transport number for Li+ (assumed to be 0.38 19 ) and F the Faraday's constant (96487 C/mol). According to Goldin et al., 17 f A can be assumed almost a constant, so that the thermodynamic term Charge and mass conservation within electrode particles are represented as:
where φ ed is the electrode-phase electric potential, σ ed is the electronic conductivity of electrode particles (from Pierson 20 it is assumed to be 330 S/m), and c Li is the intercalated Li concentration in the electrodes. The Butler-Volmer formulation determines the current through the electrode-electrolyte interface. 19 In order to model the dependence of intercalation flux on graphene plane orientation, the Butler-Volmer original formulation is modified by multiplying the term n · e θ (n is the intercalation surface normal vector and e θ is the unit vector that runs along the graphene planes); this ensures that the intercalation flux vanishes when the planes run perpendicular to the surface normal (Fig. 2a) . With this modification, the Bulter-Volmer relation reads: [5] in which i 0 is the exchange current density for lithium insertion in the electrode, α a and α c are anodic and cathodic transfer coefficients for the electrochemical reactions at the composite electrode, R is the universal gas constant (8.314 J/K/mol), and η is the surface overpotential in the composite electrode defined as:
In the above equation, U (x s ) is the equilibrium potential of composite electrode as a function of surface concentration ratio x s 
where k r is the reaction rate constant assumed to be 10 is the maximum lithium concentration in electrode-phase assumed to be 30000 mol/m 3 . The coefficients α a and α c are assumed to be 0.5.
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The boundary conditions adopted in our model are depicted in Fig. 3 . A galvanostatic current density i charge enters the electrolyte domain from all four exterior edges. Since only a small part of the anode is modeled, in order to keep the charging duration around the same order of magnitude as the experiment (around 45 hours), we use a charging current of i charge = 2.25mA/cm. Continuity of Li concentration and flux are assumed across all internal boundaries. At the beginning of the charging process, the Li + concentration is taken to be 1000 mol/m 3 . Finite element calculations were carried out using the commercial package COMSOL-Multiphysics 4.2a. The general form of the PDE model was used and the transient (time dependent) solver was selected to compute the charging process.
Before simulating the anode cell described above, in order to gain a better understanding of the reasons for the breakdown of the shrinking core model, a single circular particle divided into six 60
• segments is considered. Graphene layers are oriented an angle θ (taken to be 90
• , 50
• , 30
• and 0 • ) with respect to the horizontal axis in the first section. In other segments, orientations of the graphene planes are rotated by 60
• relative to the previous section. Orthotropic diffusivity is assigned to the particle domain using Eq. 1. The charging patterns for θ = 90
• and 0
• are depicted in Fig. 4 . As it is predicted, for θ = 90
• the graphene layers are orthogonal to the surface normal and there is very little likelihood for intercalated ions diffuse into the particle core. Flower and star shaped patterns are observed for θ = 50
• and θ = 30
• , respectively. The hot spots (most charged regions) are shown by arrows and hatched lines represent trapping zones where the intercalated Li atoms accumulate as they cannot further diffuse inward due to the small value of the diffusivity (D ⊥ is Eq. 1). These computations clearly demonstrate that the orientation of the grains relative to the surface normals plays a crucial role in determining the nature of the charging profiles and hot spots. It should be noted that in 3D Li + can intercalate in two out of three dimensions, so the probability that graphene planes will block transport is smaller compared to the 2D case. Nonetheless the qualitative trends observed in the 2D case should also hold in 3D since Li + cannot intercalate 
into a 3D particle if the graphene planes are normal to the surface (as in 2D).
Results and Discussion
Several images are taken at 225 minute intervals during Li insertion into the MCMB electrode. It is important to note that because the capacity of this MCMB is only 320 mAh/g, few particles can reach the fully intercalated gold state of charge (see Fig. 5 ). The present study shows that in every case, the particles color first and most intensely at one or more "hot spots," therefore, the substantial SOC variation within particles is the rule rather than the exception. Color may then expand from the hot spot, or new hot spots may appear, until the particle becomes fully colored. These experimental results contradict the result predicted from a shrinking sphere model, in which case the outer surface of the spheres should be a uniform SOC and, therefore, produce a uniform color. 13 The FEM model described above was used to investigate the causes for the breakdown of the shrinking core model. For the numerical results, the conventional definition for spatial state of charge (SOC) and SOC ave representing particles average charging (in percent) was implemented: [8] where A e,s is the area of the active solid phase within the electrode. Calculated Li SOC profiles at different stages of lithiation are shown in Fig. 6 . The charging profiles in each particle depend on the orientation of the graphene planes relative to the surface of the particles. Graphene planes running approximately along the "outward normal vector" to the surface of a segment lithiate was much faster than graphene planes running orthogonal to the surface normal. If different orientations are present in a particle, the charging profiles will not resemble the shrinking core model; rather, the shape of the charging front will be quite complex, which can include shapes such as cloverleaf, heart, kidney and ellipsoid shapes. As our calculations show, this is a rule rather than the exception. At the same time, we find that there can be some particles in which a majority of the segments can be oriented to allow for fast Li transport leading to symmetric profiles and particles where the majority of segments are poorly oriented so that they are charged at a very slow rate. Overall, these results are in agreement with experimental observations, which show that particles at the same "north-south" coordinates do not necessarily lithiate at the same time. This result suggests that the details of microstructure may be important when analyzing the charging profiles of electrode particles, especially in the case of realistic cell geometries where the thickness of the electrode may only be a few particles thick. We point out that the anisotropic diffusion will also lead to interaction stresses that are in general higher than the stresses obtained by assuming a shrinking core model. We will consider this effect in our forthcoming publications. In order to understand the role of the orientation of the graphene planes on the charging profile, we consider the charging of the particle enclosed in the blue box in Fig. 2b . As depicted in Figs. 6b to 6f, this particle is the least charged among all particles although it is located Figure 6 . Lithium concentration in the charged anisotropic Graphite particles: (a) t = 0s, SOC ave = 0%, (b) t = 5.6 hours, SOC ave =12%, (c) t = 11.2 hours, SOC ave =25%, (d) t = 16.7 hours, SOC ave =37%, (e) t = 22.2 hours, SOC ave =49%, (f) t = 27.8 hours, SOC ave =61%.
close to the boundaries. Fig. 2b shows that that most of the segments the particle have graphene planes that run orthogonal to the surface normal, which leads to slow charging observed in the simulations. If the graphene layers were to be rotated by 90
• in each of the six segments, the particle would charge faster. Comparing Li SOC images in Fig. 7a for the original orientation and Fig. 7b in which the graphene layers are rotated, we observe that the particle is charged faster in the latter case. Fig. 8 depicts the ionic current stream flow in the electrolyte around this particle and the Faradic correct inside the particle region (i el in Eq. 2 and σ ed ∇φ ed in Eq. 4 respectively). In this figure, the graphene plane orientations are depicted by arrows. The figure clearly shows the changes in the patterns of faradaic currents before and after the rotation of the graphene plane orientations: In Fig. 8b , the current vectors run along graphene planes while in Figure 7 . Effect of graphene plate orientation on particle charging: (a) Li SOC at t = 22.2 hours with graphene planes orientations shown in Fig. 2b, (b) Li SOC at t = 22.2 hours when graphene planes are rotated by 90 degrees relative to the orientations shown in Fig. 2b . Fig. 8a , current vectors near the boundary form 45
• angles with respect to the boundary, indicating that flux is the grains are primarily from the two peripheries of the boundaries. Fig. 9 shows analogous images taken during Li plating of the same MCMB electrode (see http://lithiumbatteryresearch.com/Plating.php for a video of the plating). We see that plating is also highly inhomogeneous, with Li 0 metal nucleating at a relatively small number of points. We speculate that these points correspond to regions where graphene planes inhibit transport into the electrode (parallel to the surface). Such regions would have a greater local overpotential, which could lead to plating. In this case, nucleation would not occur at the most highly lithiated points, as we observed. It is interesting to observe that once Li 0 nucleates, the nuclei will grow, but no additional nuclei form. This nucleation-growth scenario could result if the Li 0 nuclei act as Li + sinks. Finally, we note that the fastest safe charging rate for an electrode, made from identical isotropic particles, is higher than an electrode made from heterogeneous particles in which some particles have an especially high or especially low tendency to plate. This supports our hypothesis that failure in almost every material occurs at inhomogeneities or "weak" spots, as discussed elsewhere. 21 
Conclusions
In conclusion, we have used optical methods to directly image charging of spherical MCMB particles. We find that the charging profiles do not follow the predictions of the shrinking core model. Using numerical simulations that consider the polycrystalline nature of MCMB crystallites and the anisotropy in diffusion and the orientation dependence of surface intercalation currents, we show that "hot spots" can form when the graphene planes are oriented parallel to the surface of the particle. These hot spots expand until the particle is fully charged. Plating of Li metal may also occur at these hot spots.
